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Laser-induced heating of nanocrystals embedded in silicate glass matrices has been studied by
photoluminescence and Raman scattering. No nonequilibrium optical phonons were found both for
cw and 150-ps-long laser pulses in contrast to bulk samples. The measured laser-induced
temperature rise in one sample where the nanocrystal radii are;5 nm was found to be in
quantitative agreement with a nonlinear theory proposed by Lax for bulk semiconductors. However,
in another sample where the nanocrystal radii are only 3 nm, the observed temperature rise at high
laser powers was significantly higher than the theoretical prediction. ©1996 American Institute of
Physics.@S0021-8979~96!05522-3#
I. INTRODUCTION
During the last decade nanometer-size semiconductor
crystals~to be abbreviated as nanocrystals or NC! emerged
as a potential material for many optoelectronic applications,
ranging from laser diodes1 to solar cells.2 Although their
linear and nonlinear optical properties3 have been studied
extensively, many of their thermal properties and energy re-
laxation mechanisms remain unknown. In bulk semiconduc-
tors and quantum wells, it is well known that energetic elec-
trons relax by emitting optical phonons4 which further decay
into lower-energy acoustic phonons. An understanding of the
interaction of intense light with bulk semiconductors is the
foundation of laser annealing and rapid thermal annealing.
For example, that bulk Si can be melted by the above band-
gap optical beam with a power density exceeding 53105
W/cm2 was predicted theoretically by Lax.5 Recently, it was
reported6 that laser-induced heating in bulk GaAs and
AlGaAs was lower than predicted by Lax’s theory. It is quite
possible that Lax’s model, based on a homogeneous and con-
tinuous medium, also breaks down for NCs embedded in a
glass matrix. It is now well established that the low-energy
vibrational modes of spherical NC are not acoustic phonons
but rather quantized torsional and breathing modes.7 It is,
therefore, important to investigate laser-induced heating of
semiconducting NCs embedded in a host medium. In this
article we present a study of the laser-induced heating in NCs
of CdSe and CdSSe embedded in silicate glasses using both
cw and picosecond pulsed lasers. Our results show that heat-
ing of NCs by over 600 °C can be achieved with power
densities of;105 W/cm2. The measured temperature rise is
found to be explained well by the theory of Lax5 in one
sample where the NC sizes are larger. In another sample
where the NC sizes are smaller the theory agrees with the
experiment only at low laser power.
II. EXPERIMENTAL DETAILS
We have studied two kinds of nanocrystal samples:
CdSe and CdSSe. The former was prepared by comelting the
semiconductor with an experimentally developed silicate
glass as described elsewhere.8 Analysis of transmission elec-
tron micrograph ~TEM! and photoluminescence spectra
shows that the average CdSe NC radius is;3.0 nm with a
standard deviation of 0.35 nm.9 The volume concentration of
NC is;0.5% with an average internanocrystal distance;20
nm. The CdSSe sample was cut from a commercial Corning
glass filter 2-61. TEM of similar commercial filter glass has
been reported by Borrelliet al.10 who showed that the NCs
have average radii of;5 nm. From the spectral separation of
the CdS-like and CdSe-like LO phonon Raman peaks we
estimate that the concentration of sulfur in this sample is
;47%.11
In order to deduce the electron temperature of the NC
from its photoluminescence~PL! peak, we first measured the
temperature coefficient of the exciton peak by varying the
entire sample temperature between 77 K and room tempera-
ture. In this measurement a weak cw laser beam was used to
excite the PL to ensure that no laser-induced heating oc-
curred and it was assumed that the NCs were in thermal
equilibrium with the surrounding matrix. The temperature
coefficients of the exciton in the CdSe and CdSSe NCs were
determined to be22.631024 and 23.8731024 eV/K, re-
spectively. In case of CdSe the temperature coefficient of the
fundamental gap in bulk sample has been reported by Logo-
thetidiset al.12 to be24.231024 eV/K between 150 and 500
K. This difference between the bulk and NC temperature
coefficients has been attributed to a reduction in the electron-
phonon interaction in NCs.13 We also measured the absorp-
tion coefficients of the samples at room temperature and 77
K.
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The samples, after characterization, were subjected to
increasing intense laser irradiation using either the 514.5 or
457.9 nm output of an Ar ion laser. The power densities in
these exposures were high enough to saturate the
photodarkening.14 This procedure ensures that the PL and
Raman spectra to be measured later under high laser power
excitations are reproducible. Both cw and actively model-
locked pulses~of duration 150 ps and repetition rate equal to
about 82 MHz! were used. The laser was focused to a focal
spot of about 10mm beam waist. The exact beam waist was
determined by translating a sharp knife edge mounted on a
micrometer across the beam while measuring the transmitted
power. The resultant power versus translation curve is fitted
to the theoretical curve based on a Gaussian beam profile
with the beam waist as the only adjustable parameter. The
time-averaged power density on the sample was maintained
at a range between 1.83102 and 8.83104 W/cm2. Care was
taken not to overheat the sample since irreversible changes
can be easily induced. Emission from the samples was ana-
lyzed by a Spex triple spectrometer and detected either by a
cooled GaAs photomultiplier tube or by a cooled optical
multichannel detector.
III. EXPERIMENTAL RESULTS
Figures 1~a!–1~d! show a series of PL curves obtained
from the CdSe NCs as a function of the incident laser~514.5
nm! power. The Stokes and anti-Stokes Raman spectra ob-
tained with 1.3 mW of laser power on the same sample are
shown in the inset. The two peaks at 208 and 416 cm21 in
the Stokes spectrum are identified, respectively, as the
one-LO phonon and two-LO phonon peak of the CdSe NCs.
The anti-Stokes spectrum shows only the one-phonon peak.
Notice that the intensity of the anti-Stokes spectrum has been
magnified by a factor of 15. These scattered spectra are su-
perimposed on a luminescence background which has to be
subtracted. In addition, corrections are made for any reso-
nance effect before the phonon temperature is calculated
from the ratio of Stokes and anti-Stokes Raman intensities.
The absorption spectrum of the same sample is shown as
curve ~e! in Fig. 1. From the Raman spectra obtained at the
lowest laser power we deduced the equilibrium sample tem-
peratureT0 to be 80 K. The PL spectra of the CdSe sample at
low excitation powers exhibit two peaks as a result of size-
selective excitation of NC into two different excited states.9
When the laser power is increased the emission peaks red-
shift and broaden due to laser-induced heating. Curves a–d
in Fig. 1 show the dependence of the band edge PL peaks in
the CdSe NC on the incident Ar1 laser power. The corre-
sponding rise in NC temperature determined as a function of
laser power from the exciton peak in the CdSe and CdSSe
samples are shown as open squares in Figs. 2 and 3, respec-
tively. The phonon temperatures deduced from the ratio of
Raman intensities using the cw and mode-locked Ar ion la-
sers are shown as the closed squares and circles, respec-
tively. Notice that in the case of CdSe NCs we found no
significant differences between mode-locked and cw lasers
results. In CdSSe we can measure the temperature of two-LO
phonon modes~the CdS-like mode and the CdSe-like mode!.
The error bars in the Raman measurements increase at higher
temperatures whenkbTph is much larger than the LO phonon
nergy. When this increase in the experimental uncertainties
at higher temperature is taken into consideration, we find
FIG. 1. Photoluminescence~PL! spectra of the CdSe-doped glass sample
~curves a–d! excited by the 514.5 nm line of a cw Ar1 laser. The vertical
dashed line marks the position of the lower-energy PL peak for the laser
power of 1.65 mW. Curve~e! is the absorption spectrum of the same
sample. The inset shows the Stokes and anti-Stokes Raman spectra exci ed
by the same Ar1 laser.
FIG. 2. Temperature of CdSe nanocrystals determined from their photolu-
minescence~PL! and Raman spectra as a function of laser power, using the
514.5 nm line of a cw or mode-locked~ML ! Ar1 laser. The temperatures
measured are those of the electrons and phonons in the nanocrystal, respec-
tively. The region between the two solid lines represent the theoretical val-
ues calculated with the nonlinear version of the Lax’s theory including all
the uncertainties.
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essentially no systematic difference between the phonon
temperatures determined from the two modes in the CdSSe
NCs at all power levels.
IV. DISCUSSIONS
From Fig. 2 it is clear that we can easily heat up NCs
embedded in a glass matrix by several hundreds of degrees.
Within experimental uncertainties we find that there is no
significant difference between the electronic and phonon
temperature rise when measured with 150-ps-long pulses or
cw lasers of the same average power. This result means that:
~1! within the time resolution of our experiment~150 ps! the
electrons and phonons in the NCs have reached thermal equi-
librium and ~2! there is no evidence of any nonequilibrium
optical phonon population. The first result is not surprising
since it is known from bulk semiconductor studies that elec-
trons and optical phonons in partially ionic crystals, such as
GaAs, reach thermal equilibrium in times of the order of one
picosecond.15 The second result is unexpected since nonequi-
librium optical phonons are found to be excited in bulk
II–VI semiconductors, like CdSe, even by cw lasers.16 The
reason is that optical phonons are excited via relaxation of
hot electrons in<0.1 ps while the lifetime of these optical
phonons in bulk samples is;10 ps. There are several pos-
sible explanations of the absence of nonequilibrium phonons
in NC. One possibility is that electron-LO phonon interaction
is suppressed in NC~phonon bottleneck! as compared to the
corresponding bulk samples. However, this is still controver-
sial and there is no clear experimental evidence that this is
the case. Another possibility is that the hot electron relax-
ation in NCs is not dominated by emission of LO phonons.
For example, hot electrons in NCs may lose their energies
predominantly at defects, such as surface states, instead of
emitting nonequilibrium phonons. One final possible expla-
nation is that the phonons in NCs decay at a rate faster than
their generation rate. We note that the phonon linewidth in
NCs as determined by Raman scattering has been found to
be much wider than in bulk samples. Part of this broadening
is the result of inhomogeneous broadening, but it is also
likely that, as a result of defects at NC surface, the lifetime of
optical phonons are much shorter in NC than in bulk, leading
to much lower nonequilibrium phonon populations.
To understand the temperature rise induced by the laser
irradiation we first attempted to fit the results in Fig. 3 with
the constant thermal conductivity version of the Lax theory.5
According this theory the maximum temperature rise occur-
ring near the sample surface is linearly proportional to the
average powerP. The experimental points in Fig. 2 clearly
do not fit a straight line except for very low powers. This is
not surprising since the thermal conductivity of glass is well
known to be strongly temperature dependent. To correct for
this we start by evaluating the temperature dependent ther-
mal conductivityK(T) of our glass samples by the method
of factors.17 We first used the experimental weighting
factors18 to evaluateK at 300 K for each sample. Then theK
vs T curve for each sample is constructed by shifting rigidly
the experimental curve for glass19 until its value coincide
with the value deduced by the method of factors. We esti-
mate that the uncertainties in the value ofK(T) introduced
by this method is;15%. OnceK(T) is known we solve
numerically forT at a given powerP using the Lax theory.
To take into account that the measured temperature is aver-
aged over the volume of the sample irradiated by the laser
light, we assumed that our laser beam has a Gaussian profile
and solve forT as a function of the radial distancer from the
center of the Gaussian beam and the distancez into the
sample from the surface. The calculated temperatureT( ,z)
is then averaged over the volume defined by the penetration
depth and the laser beam profile to arrive at the averaged
temperatureTA which is then plotted as the solid curves in
Figs. 2 and 3. In each figure two curves are shown. They
correspond to the two limits taking into consideration the
uncertainties in the calculation.
We notice that the agreement between theory and experi-
ment is quite satisfactory in the CdSSe sample even for laser
power exceeding 400 mW but the agreement is much poorer
in the CdSe sample for relatively lower power. One possible
explanation is that the good agreement in CdSSe is fortuitous
because of the many approximations made. The other is that
the NC sizes are much smaller in the CdSe sample. The latter
case is more likely as there are many reasons that can cause
the measured temperature to deviate from the values calcu-
lated from the homogeneous medium theory. One reason is
related to the fact that the incident laser is absorbed by the
NCs only and these in turn cool by heating up the surround-
ing medium. Since the inter-NC distance is about four times
the NC diameter, the temperature of the glass surrounding a
NC is lower than the nearby NCs. The assumption in the Lax
model that the temperature varies only withz is therefore
invalid. Another effect is the quantization of low-frequency
vibrational modes in NC into spheroidal and torsional
modes. In small NCs these modes can have frequencies as
high as.10 cm21. In order for the NC to cool these modes
FIG. 3. Results for the CdSSe nanocrystal sample obtained under conditions
similar to those in Fig. 3 except that there are now two LO phonons labeled
as CdSe-like and CdS-like.
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have to couple to the low-energy modes in the glass host,
namely, its acoustic phonons. The difficulty in matching both
energy and wave vector at the interface tends to reduce the
efficiency of such coupling. This mismatch between acoustic
phonons at the boundary of two media is in some way simi-
lar to the Kapitsa resistance in superfluid liquid helium.20
Since the mismatch is expected to be more serious in NCs of
smaller radii, this can presumably explain why the disagree-
ment between theory and experiment is worse in the CdSe
sample where the NCs are only one-half in size when com-
pared to those in the CdSSe sample. Another possibility is
that this mismatch is sensitive to the nature of the anion.
Perhaps the lighter weight of the S atoms and their stronger
bonding to the glass matrix help to improve coupling be-
tween the CdSSe NCs with the host. Many of these questions
cannot be answered without further theoretical and experi-
mental work.
V. CONCLUSIONS
In conclusion we have found that the phonons and the
electrons in NCs thermalize in times shorter than 150 ps and,
unlike in bulk samples, no nonequilibrium phonons were de-
tected even under high laser power excitation. The theory of
Lax for bulk samples was found to explain reasonably well
the temperature rise in the CdSSe sample where the NC radii
are of the order of 5 nm. However, the calculated tempera-
ture rise at high laser power is much lower than the measured
value in the CdSe sample where the NC radii are only 3 nm.
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